Although previous studies examining leukocyte telomere length (LTL) and all-cause mortality controlled for several confounders, the observed association could be biased due to unmeasured confounders, including familial factors. We aimed to examine the association of LTL with all-cause mortality in a Swedish twin sample while adjusting for familial factors and allowing for time-dependent effects. A total of 366 participants (174 twin pairs and 18 individuals) were recruited from the Swedish Twin Registry. LTL was assessed using the Southern blot method. All-cause mortality data were obtained through linkage with the Swedish Population Registry, updated through November 15, 2017. To control for familial factors within twin pairs, we applied a between-within shared frailty model based on generalized survival models. Overall, 115 (31.4%) participants were men and 251 (68.6%) were women. The average age of the study participants when blood was drawn was 79.1 years, and follow-up duration ranged from 10 days to 25.7 years (mean = 10.2 years). During the follow-up period, 341 (93.2%) participants died. Shorter LTL was associated with higher mortality rates when controlling for familial factors in the between-within shared frailty model. We found significant time-dependent effects of LTL on allcause mortality, where the mortality rate ratios were attenuated with increasing age. between-within model; generalized survival model; mortality; shared frailty; telomere Abbreviations: CI, confidence interval; GSM, generalized survival model; LTL, leukocyte telomere length; OCTO-Twin, Origins of Variance in the Old-Old: Octogenarian Twins; SATSA, Swedish Adoption/Twin Study of Aging.
Telomeres-repeat sequences of nucleotides at the ends of chromosomes-maintain the structural integrity and stability of chromosomes (1) . Each time a cell divides, the telomeres become shorter, as some nucleotides at the ends of the telomeres cannot be replicated. When telomeres reach a critically short length, cells are unable to replenish or divide and enter the senescence stage (2) . Cellular senescence has been implicated in the aging process and in aging-related diseases (3) .
Previous studies have found that short leukocyte telomere length (LTL) is associated with a number of aging-related traits, including cardiovascular and metabolic diseases (4, 5) , cognitive decline and neurodegenerative disorders (6, 7) , and cancer (8) . Moreover, there is particular interest in the telomere research field in studying the association of LTL with all-cause mortality, because long telomeres are hypothesized to be associated with increased longevity (9) . Some previous studies found an association between shorter telomeres and increased mortality rates (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , while others did not observe a significant relationship between them (21) (22) (23) (24) . A few of those studies aimed to examine the predictive value of LTL in mortality, in addition to other factors (18, 19, 25) , while most studies tried to investigate a possible causal relationship between LTL and mortality. Although a number of potential confounders have been considered, measured, and adjusted for in the multivariable survival analysis models, familial factors have rarely been taken into account or controlled for in the study design or in the analysis.
One way to control for familial factors is to take advantage of clustered data, such as data on twins. In the survival analysis context, the between-within shared frailty model can be applied to the cluster data for causal inference (26, 27) . Additionally, the recently developed generalized survival models (GSMs) can be extended to accommodate the between-within decomposition and to estimate both the baseline hazard and association measurements (e.g., hazard ratios) in a more flexible and elegant fashion (28, 29) . In this study, we hypothesized that shorter LTL was associated with higher all-cause mortality rates after adjustment for familial factors. We examined this hypothesis by applying the between-within shared frailty model to a sample of Swedish same-sex twins.
METHODS

Study population
The Swedish Twin Registry was established in the late 1950s and now contains data on more than 194,000 twins born in Sweden from 1886 onward (30) . The sample included in the present study were twins who participated in one of the following 2 substudies from the Swedish Twin Registry: the Swedish Adoption/ Twin Study of Aging (SATSA) Study (31) and the Origins of Variance in the Old-Old: Octogenarian Twins (OCTO-Twin) Study (32) . These studies have been described in detail previously. Briefly, SATSA is a longitudinal study initiated in 1984 (31) . It collected data by both mailed questionnaires and in-person testing on a 3-year schedule. Blood samples for this study were taken during the third data collection wave between 1992 and 1995. The OCTO-Twin Study is a longitudinal study of twins initiated in 1991 (32) . Twins who were alive, at least 80 years of age, and not participants in SATSA were invited. Data collection was conducted on a 2-year schedule. Blood samples for the OCTO-Twin Study were collected during 1993-1996. For the present study, 366 twins (174 twin pairs and 18 individuals) born between 1900 and 1928 donated blood samples during the years 1992-1996; this sample has been described previously (20) .
Informed consent was obtained from all participants. The study protocol was approved by the Regional Ethics Board in Stockholm, Sweden.
Assessment of LTL
LTL was assessed by means of terminal restriction fragment analysis, which relies on restriction enzyme digestion and Southern blot hybridization of a minimum of 10 5 cells to measure the average length of telomeres. The experimental procedure has been described previously (33) . Genomic DNA was digested with HaeIII, generating telomeric restriction fragments, which contain the repeat array and a non(TTAGGG) subtelomeric fragment. HaeIII-recognition sites are absent within the (TTAGGG)n tandem-repeat arrays. Digested genomic DNA (5 μg) was electrophoresed for 1,050 volt hours in 0.8%-1% agarose gels and was subjected to Southern hybridization analysis. The Southern blots were hybridized to a random-primed 32 P-labeled (TTAGGG)n polymer and to the 33.15 minisatellite core probe. For preparation of the polymer probe, chemically synthesized (TTAGGG)7 and a complementary oligo-were kinased, ligated, and subjected to 20 rounds of a polymerization reaction. The product of this reaction was used as a probe. Hybridization was performed in 7% sodium dodecyl sulfate-0.5M monosodium phosphate (pH 7.2)-1 mM sodium ethylenediaminetetraacetic acid at 65°C for 1 hour, and the fillers were washed twice in 2.5× saline-sodium citrate-0.1% sodium dodecyl sulfate at 65°C for 30 minutes. Filters were exposed for 3-7 hours. For rehybridization, the membranes were stripped for 10 minutes in 50% formamide, 0.5× saline-sodium citrate-10 mM monosodium phosphate (pH 7.2)-heparin (25 μg)-0.5 mM sodium ethylenediaminetetraacetic acid-0.5% sodium dodecyl sulfate at 65°C and were washed for 20 minutes in 0.1× saline-sodium citrate-0.1% sodium dodecyl sulfate. Telomeres were measured in a series of 18 batches, and adjustments for batch effects were made using linear regression models. Residuals from the batch-adjusted model were taken as the final LTLs in the subsequent analysis.
All-cause mortality
All-cause mortality data with exact dates of death were obtained through linkages between the Swedish Twin Registry and the Swedish Population Registry (34) . The mortality data used in this study were updated through November 15, 2017.
Statistical analysis
We used a between-within shared frailty model in the GSM framework to estimate the association of LTL with all-cause mortality (27) (28) (29) . The between-within model allowed us to control for unmeasured shared confounders for the twins within the same twin pair, and the GSM enabled us to estimate the models in a flexible and smooth way. Attained age was used as the time scale, and the frailty was assumed to follow a gamma distribution, which is common in practice.
For the present study, the between-within shared frailty model in the GSM framework was specified with a log-log link function. For a time-constant hazard ratio, the model was specified as
where i represents the twin pair, j is the individual twin, the frailty term u i is assumed to follow a gamma distribution, x ij denotes LTL for each individual, β B is the between-twin-pair association, x i is the mean LTL in each twin pair, β W is the within-twin-pair association, and ( γ) s t ; ij 0 is a smooth function representing the transformed baseline survival function. This model with a log-log transformation of survival is interpreted as a proportional hazards model. For time-dependent hazard ratios, the model was specified as
is a smooth function representing the timedependent within-twin-pair association and where β W is now a vector of parameters. The smooth parameters were modeled as natural splines with 2 degrees of freedom for baseline survival and 1 degree of freedom for the time-dependent hazard ratio; the degrees of freedom were selected using Akaike's Information Criterion as the fit criterion, and the associations were robust to the choice of degrees of freedom. The models were fitted using maximum marginal likelihood estimation, with suitable adjustment for left-truncation (delayed entry) under a shared frailty model (35) . We compared the models with and without the time-dependent effects using a likelihood ratio test. We also assessed whether the association of LTL with mortality was linear by including the natural spline term for LTL in the time-constant model and compared the results of these models using a likelihood ratio test. As sensitivity analyses, we stratified the time-dependent analysis by sex and by zygosity of the twin pairs and additionally adjusted for body mass index (weight (kg)/height (m) 2 ), education, smoking status, and chronic disease (defined as the presence of any of the following selfreported conditions: cardiovascular disease, cancer, metabolic diseases, neurological diseases, and respiratory diseases) as covariates. The GSMs were implemented in the R package rstpm2 (36) , and the marginal likelihood function for right-censored and left-truncated survival data for a GSM is supplied in the Web Appendix (available at https://academic.oup.com/aje). All analyses were conducted using R 3.4.1 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Basic characteristics of the study participants are presented in Table 1 . Of the 366 twins, 115 (31.4%) were men and 251 (68.6%) were women. The mean ages of the participants at blood drawing were 76.5 years for men and 80.3 years for women. Mean LTL was longer in women compared with men (2-sample t test: t = 2.70; β = 0.18 kilo-base pairs, 95% confidence interval (CI): 0.04, 0.36) and declined with increasing age (β = −0.04 kilo-base pairs per year, 95% CI: −0.03, −0.05). The duration of follow-up ranged from 10 days to 25.7 years (mean = 10.2 years). During the follow-up period, 341 (93.2%) participants died.
Analysis conducted using the between-within shared frailty model showed that shorter LTL was associated with a higher mortality rate, in general. Assuming a time-constant within-twin-pair association, the estimated hazard ratio for a 0.5-kilo-base-pair reduction in LTL was 1.18 (95% CI: 1.00, 1.38) . No strong evidence was observed for a nonlinear association of LTL with allcause mortality (likelihood ratio test: P = 0.32). There was strong evidence that this association was not time-independent (likelihood ratio test: P = 0.001). The time-dependent hazard ratios approached 1 with increasing age; the pointwise hazard ratios were not statistically significant at around age 90 years (Figure 1 ). The marginal hazard is shown in Figure 2 . Additional analyses carried out by sex and zygosity and further adjustment for body mass index, education, smoking status, and chronic disease conditions showed similar patterns (Web Figure 1) . The confidence intervals in men were wider than those in women. This might be due to the smaller number of participants and events in men. However, we did not find significant effect modification by sex in the observed associations by including a term for interaction between LTL and sex in the models (P = 0.30).
DISCUSSION
In this prospective study with up to 25 years of follow-up, we took advantage of the similarity of twins and examined the association of LTL with all-cause mortality using a betweenwithin shared frailty model. We found shorter LTL to be associated with higher mortality rates. The magnitude of this association was attenuated with increasing age, with a statistically significant adverse association up to age 90 years that was independent of shared familial confounders within twin pairs.
In previous studies of LTL and its association with all-cause mortality, investigators reached inconsistent conclusions. The discrepancy may be attributed to several concerns that have been raised with regard to epidemiologic studies of telomere length. First, the use of different methods of measuring LTL could affect the accuracy and validity of LTL measurement and may subsequently affect inferences about the association of LTL with mortality (37) (38) (39) (40) . Indeed, studies using Southern blot, the more accurate LTL assessment method, found a consistent relationship between shorter LTL and higher mortality (12, 17, 20, 23, 41) , while other studies using the quantitative polymerase chain reaction method had conflicting results (24, 40, 42) . Second, the age span of study populations may also be an explanation. The variance of LTL in younger populations is relatively larger than that in older populations (9) . LTL decreases with age; hence, the difference in LTL in the old becomes smaller. Thus, studies that examine older populations might not find a stronger difference between surviving participants and those who die. A study using data from Danish twins found that the association between LTL and mortality was stronger in the first few years than in the rest of the follow-up period, which is in line with our conclusions (41) . Third, one of the most important factors is control for confounding. The potential confounders of the LTL-mortality relationship that have been considered and adjusted for in the literature include age, sex, ethnicity, education, obesity, smoking and drinking behavior, and metabolic biomarkers (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Other confounders, however, such as familial factors, have rarely been taken into account in the study design or in the statistical analysis (e.g., multivariable survival regression models). Some of these confounders are difficult to measure, or the measurement is infeasible. For example, in most current epidemiologic studies, genotyping or sequencing the whole genome is technically possible but practically infeasible because of cost or other reasons. One elegant approach to controlling for these familial factors is to exploit twin data (26, 27) . By comparing the survival time of twins within a twin pair, we implicitly controlled for all of the shared confounders (such as common early childhood environment and genetic makeup). Stratified Cox proportional hazards models are typically used for analysis of such data, as in the previous article that used the same data (20) . Dates of death were obtained through linkage to the Swedish Population Registry, until the end of 2003. A result similar to that observed in our present analysis using time-constant association models was observed using a stratified Cox proportional hazards model in the previous study (20) . Although a stratified Cox proportional hazards model controls for all twin-pair-constant confounders, it is difficult to model for time-dependent effects or to estimate the baseline survival or hazard with such a model. Moreover, the stratified Cox model ignores the time of the second event if both members of a twin pair are followed until death.
An alternative approach is to use a between-within shared frailty model in the GSM framework. Models fitted using GSMs have several advantages: they are parametric, they allow a flexible model for the baseline survival function, they allow for timedependent effects and frailties with left-truncation, and they are easily fitted using an existing R package (rstpm2 (36) ). In this study, we analyzed the association of LTL with all-cause mortality using the between-within shared frailty model in the GSM framework. The within-twin-pair association controls for confounders such as age, sex, and familial factors, and results from such models could have a causal interpretation, provided that these confounders are sufficient and the models are correctly specified. We also examined the proportional hazards assumption by including a term for interaction between LTL and the underlying time scale (attained age) and found that the magnitude of the association of LTL with all-cause mortality varied according to attained age. The associations of shorter LTL with mortality were attenuated with increasing age, with a significant association being observed up to approximately age 90 years, and with the point estimate being around 1 up to the late nineties. This study had several strengths. First, we used Southern blot, which is the gold standard for LTL assessment (43) , to measure the absolute length of telomeres in number of base pairs. This measurement also facilitates interpretation of LTL in terms of the number of base pairs (losing or elongating base pairs). Second, our study had a long follow-up period, and none of our study participants were lost during follow-up. All-cause mortality and migration data were obtained through linkage with national registers that cover the whole Swedish population, with updates every 2 weeks (through November 15, 2017, for the data analyzed in this study).
Despite the strengths of this study, there were several limitations. First, the study population primarily comprised older twins. Twins with shorter LTL are more likely to die earlier. The selection of study participants included older twins who were both alive at the time of blood collection, so that they would tend to have longer LTLs. This selection process suggests that the study population was unrepresentative of the general population. Analyzing younger populations would be important from a lifecourse perspective. Given the strong dependence of the hazard ratios by attained age, it would be interesting to repeat our analysis in a younger population, albeit with the constraint that the event rates would be lower. Second, although Southern blot is the more accurate method of LTL assessment, it is costly and takes time and human labor. As a consequence, this method is usually only applied to studies with smaller samples, like our current study. The smaller sample size limits the statistical power to perform more stratified analyses which may be of interest to specific groups, such as analyses by socioeconomic status. Third, a common limitation of most epidemiologic studies of telomere length is that the final LTLs are measured across all chromosomes within a cell and a mixture of leukocytes, including neutrophils, lymphocytes, and monocytes. More accurate measurement of LTL in different cells and different chromosomes may provide further insights into the biological mechanisms of telomeres in the aging process.
In summary, by using a between-within shared frailty model in the GSM framework and controlling for shared confounders within twin pairs, our study found that shorter LTL was associated with a higher mortality rate. The magnitude of the association decreased with increasing age, with significant associations being observed up to age 90 years. These results suggest that associations of shorter LTL with mortality may persist across the life span up to very old age.
